Introduction
Tryptophan hydroxylase catalyzes the initial and rate limiting step in the biosynthesis of the neurotransmitter serotonin. Like the other members of the monooxygenase family of enzymes phenylalanine hydroxylase and tyrosine hydroxylase, tryptophan hydroxylase is thought to be regulated in vivo by neuronal protein kinases. However, the understanding of how tryptophan hydroxylase is influenced by protein kinases lags far behind that for the other monooxygenase enzymes. Based on cloning and biochemical approaches, the substrate sites for a variety of protein kinases within the structures of phenylalanine and tyrosine hydroxylases have been identified. In view of the rather extensive amino acid sequence overlap among the monooxygenases and the regulatory properties they share, it is only natural to assume that tryptophan hydroxylase could also be regulated by one or more protein kinase enzymes. At least the multifunctional calcium-calmodulin dependent protein kinase II is known to activate tryptophan hydroxylase (1) and only recently has this enzyme been shown to actually phosphorylate tryptophan hydroxylase (2) . A link between phosphorylation and activation of tryptophan hydroxylase was not made clearly in this instance however (2 In addition to the calmodulin stimulated protein kinase, protein kinase A (cAMP-dependent) is also thought to stimulate the activity of tryptophan hydroxylase. These studies have generally utilized rather high concentrations of cyclic nucleotides to stimulate endogenous protein kinase A or they have added high concentrations of exogenous protein kinase A to tryptophan hydroxylase preparations in an attempt to alter its level of activity. The present preliminary studies sought to define conditions under which endogenous protein kinase A could activate brain tryptophan hydroxylase, and at the same time, determine whether the hydroxylase can serve as a substrate for protein kinase A.
Methods
Tryptophan hydroxylase activity was determined in samples from rat tegmentum, striatum, or pineal by measuring the production of 5-hydroxytryptophan (5-HTP) in the presence of tetrahydrobiopterin and tryptophan. The 5-HTP was quantified by HPLC with fluorescence detection. Cyclic nucleotides were added to hydroxylase reactions in the absence or presence of phosphorylating conditions (ATP and magnesium). Endogenous calcium was complexed with excess EGTA in order to suppress the activity of the multifunctional calmodulin kinase. The protein kinase catalyzed incorporation of phosphate from ["PJ-ATP into tryptophan hydroxylase was determined by using a monoclonal antibody produced against monkey liver phenylalanine hydroxylase, PH8, but which also rcacts with tryptophan hydroxylase (3). Exogenous protein kinase A (catalytic subunit) was purified from bovine heart and added to tryptophan hydroxylase reactions in some instances.
Results
The effects of various cyclic nucleotides on the activity of tryptophan hydroxylase are shown in Table 1 . It can be seen that cAMP, dibutyryl-cAMP, and 8-thiomethyl-cAMP did not alter the activity of the hydroxylase at concentrations of 20 μΜ. Concentrations up to 1.0 mM were also without effect as well (data not shown). When exogenous protein kinase A (1 μg) was added, it resulted in a significant increase in tryptophan hydroxylase activity only in the striatum. Finally, the addition of calcium to a final concentration of 1.0 mM (in the presence of 1.0 mM EGTA) resulted in a substantial increase in tryptophan hydroxylase activity in the tegmentum and striatum. Cyclic nucleotides were added at concentrations of 20 μΜ in the presence of ATP (0.5 mM) and Mg 2+ (5.0 mM). The value for control in each instance represents activity in the presence of the cyclic nucleotide, but in the absence of ATP/Mg 2+ . Purified catalytic subunit (bovine heart) from protein kinase A was included at a concentration of 1 μg per tube. Calcium was added to a final concentration of 1.0 mM in order to activate endogenous calcium-calmodulin dependent protein kinase, and cyclic nucleotides were omitted when calcium was added. Reactions were terminated after 10 min at 37 °C and the formation of 5-HTP was determined by HPLC with fluorescence detected at excitation/emission wavelengths of 285/340 nm. ND = not determined.
Preliminary attempts to determine if protein kinase A phosphorylated tryptophan hydroxylase were made by identifying the hydroxylase on Western blots with the use of the monoclonal antibody PH8. The immunoreactive band corresponding to tryptophan hydroxylase (MW of approximately 52 000) was excised from the blot and the nitrocellulose was dissolved in 2-ethoxyethanol and then subjected to liquid scintillation counting to determine the amount of 32 P in each sample. The results of these studies indicated that both endogenous (cyclic nucleotide activated) and exogenous (bovine heart protein kinase A) significantly increased the phosphorylation of the immunoreactive band identified as tryptophan hydroxylase by PH8 in each tissue studied.
Discussion
The present results indicate that tryptophan hydroxylase is apparently a substrate for protein kinase A. However, phosphorylation of this hydroxylase by protein kinase A does not alter its activity. Earlier studies identifying tryptophan hydroxylase as a substrate for the calcium-calmodulin dependent multifunctional protein kinase (2) did not actually demonstrate that the phosphorylated form of tryptophan hydroxylase was activated (or that it was active at all). While phosphorylation of at least tyrosine hydroxylase, and tryptophan hydroxylase usually is assumed to activate these monooxygenases, a growing body of evidence is revealing the complexity of monooxygenase-protein kinase interactions. For example, tyrosine hydroxylase is phosphorylated by the calcium-calmodulin dependent protein kinase, protein kinase A, and by protein kinase C (calcium-phospholipid dependent). In only one instance, with protein kinase A, is tyrosine hydroxylase activated as a consequence of this phosphorylation (see 4). Activation by the calcium-calmodulin dependent protein kinase is dependent on brain protein 14-3-3, the so called activator protein (5). Thus, it is possible that the phosphorylation of tryptophan hydroxylase by a protein kinase need not lead directly to activation, as appears to be the case with protein kinase A. Additional studies will be required to define the mechanism by which tryptophan hydroxylase is regulated by protein kinases.
